Defining impurity profile is key element to ensure safe, efficacious and quality human drugs. Impurity profiling changed/transformed drastically over the years. Guidelines, specifications and requirements are evolving. Initially impurity profiling was based on simple methods later by degradation studies, then to understand drug strength and efficacy chiral impurities and stereo isomers were included followed by residual solvents, polymorphic forms, genotoxic impurity studies. Currently, elemental impurities are the latest addition. As per the GDUFA II guidelines to improve review efficiency and reduce review cycles, data requirements have changed. Based on recent guidance and review points, Impurity profiling has significant importance in ANDA filing and to ensure approval within 10 months (first cycle approval) which is an exiling aspect for industries to enter into the generic market quickly. Hence, Impurity profile is a key aspect scientifically, regulatory wise and commercially also. This is a review article on impurity profiling of Solid oral drug substances and products as per GDUFA II requirements the reference documents for the review are ICH guidance, relevant FDA GDUFA guidance and common industry practices.
Introduction
Impurity is considered as any component of a drug substance that is not the R. Pannala chemical entity defined as the drug substance and in addition, for a drug product, any component that is not a formulation ingredient [1] . GDUFA II Guidance on good submission practices emphasizes the importance and requirements of impurity profiling in drug substances and drug products to improve review efficiency and reduce review cycles data requirements are revised [2] . Impurity profiling is the basis for determining, assuring quality, safety and efficacy of the drug substance and drug product. It has gained more significance in GDUFA environment and also in evolution of new guidance and review points [3] . Firms must ensure the highest quality and compliance of impurity profiling to safeguard first cycle approvals (10 months). The evolution and changes in impurities identification, quantification and control are a part of evolving quest of scientific community to deliver safe, effective and quality medicines.
Defining impurity profile of the drug substance (Active Pharmaceutical Ingredient) is the basis for impurity profiling of Drug product, however, it also considers excipients and formulation process. This review document will discuss the guidelines to be considered in categorizing the impurities, identifying the possible source, evaluation, analytical methods which can be used, qualifying impurity levels and proposing limits and common deficiencies anticipated in ANDA review [4] - [10] . 
Organic Impurities (Process and Drug Related)
Organic impurities can arise during the manufacturing process, drug substance-excipient interactions, and/or storage of the drug substance, drug product Organic impurities and their limits should be provided.
As per this guidance "FDA may RTR an ANDA for": failing to provide justification for proposed limits in drug substances and drug products for specified identified impurities that are above qualification thresholds; failing to provide justification for proposed limits for specified unidentified impurities that are above identification thresholds [11] [12]; and proposing limits for unspecified impurities (e.g., any unknown impurity) above identification thresholds. EP impurities are qualified for the levels in the EP monograph [13] . The information should be updated in the below tabular format in "eCTD section 3.2.S.4.5, 3.2.P.5.6 Justification of Specifications" Table 1 [ 14] .
An Overview of organic impurities profiling is detailed in following illustration Figure 3 . Table 1 . Impurity specification and justification.
Chemical Name Code # MDD QT (%) QT (TDI) Regulatory QT Threshold (%)* Proposed AC (%) Justification if proposed AC (%) > Regulatory QT Threshold (%)** *Based on lower intake of impurity from QT (%) or QT (TDI). If QT (TDI) is lower express as %. **Reference the section if supportive data is provided for justification. Figure 3 . Organic impurities profiling in drug substance and drug products.
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Organic impurities are broadly classified into following categories
Process Related Impurities
Starting materials, Byproducts, Intermediates, Reagents, ligands, and catalysts.
Impurities which are not increased in stability studies and not formed during forced degradation studies are considered as process related impurities. Process related impurities are formed during the synthesis, purification, and storage of the drug substance. Most of these impurities will be expected during the synthesis based on knowledge on synthesis process, type of chemicals/reagents used, also these should be confirmed with stability studies [15] and degradation studies. The impurity selection should be cross verified or challenged by stress studies or force degradation studies [16] .
In drug substances, impurities in final product specifications may be proposed based on the impurities detected in commercial process for setting better process control. Impurities which are above the qualification limits should be considered in specification with reporting and qualification thresholds based on its safe levels.
Where as in drug product demonstrating specificity (usually separation in chromatographic methods) for process related impurities with degradation impurities is requirement for a stability indicating method but there is no requirement to report process related impurities (as they are controlled in applicable raw materials) unless it is mentioned in respective pharmacopeial monograph.
Analytical Techniques
Advanced techniques for quantification of these impurities are High Performance Liquid Chromatography (HPLC), Ultra Performance Liquid Chromatography (UPLC)/Rapid resolution liquid chromatography (RRLC), Gas Chromatography (GC), Liquid chromatography-Mass Spectrometry (LCMS), Gas chromatography-Mass spectrometry (GC MS).
The limits are governed by ICH Q3A(R2) Impurities in New Drug Substances.
Drug Substance Specification [11]
Maximum daily dose: ≤2 g/day: 0.15% or 1.0 mg per day intake (whichever is lower).
Maximum daily dose: >2 g/day: 0.05%.
Drug Product Specification
Not considered for reporting unless it is mentioned in specific pharmacopeia monograph.
Degradation Impurities/Products
Forced degradation studies should be performed to identify potential degradation products, characterization of degradation product, stability of active molecule, to understand the degradation pathways of drug, rate of degradation, to develop a stability indicating analytical method and to define shelf life.
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Impurities which are increased during stability studies (Q1A) and/or formed during forced degradation studies are classified as degradation impurities/products.
The ICH Q1A guideline defines that the stress testing is designed to help "determine the intrinsic stability of the molecule by establishing degradation pathways in order to identify the likely degradation products and to validate the stability-indicating power of the analytical procedures used" [17] .
The selection of conditions for degradation studies and levels of target degradation is practiced as per common industry practices and available peer reviewed publications. ICH guidance Q1B "Photostability testing of new drug substances and products" serves as a guidance document on photo stability [18] .
WHO guidance document "Guideline on Submission of Documentation for [19] . The degradation should not be performed by exposing to harsher conditions to form secondary degradation products (Secondary degradation products are degradation products of degradation products and in most cases, are not observed during stability studies). Most of the common degradation pathways include chemical reactions such as, hydrolysis/dehydration, oxidation, isomerization/epimerization, rearrangements, decarboxylation, dimerization/polymerization, photolysis and transformation products involving reaction with excipients/salt forms. Some of the most common reactive impurities include aldehydes/reducing sugars, peroxides, nitrates, nitrites, metals and solvents [22] . In some cases, compounds with Halogens (Chlorine, Fluorine, Bromine) are considered as Structural alerts, carcinogenic substances which require genotoxicity evaluation to fix the specification. R. Pannala
Analytical Techniques
HPLC-PDA/UV detector, GC, LC MS, GC MS techniques shall be employed in identification of impurities with a validated analytical procedure [23] . As per the current requirements and recent deficiencies, forced degradation studies, peak purity studies and mass balance for individual impurity quantifying method should be performed. Mass balance is "the process of adding together the assay value and levels of degradation products to see how closely these add up to 100% of the initial value, with due consideration of the margin of analytical precision" [15] .
Impurities found above identification threshold should be considered in evaluating impurity profile for drug substance/drug product.
Drug Substance Specification [11]
Maximum daily dose: ≤2 g/day: 0.15% or 1.0 mg per day (whichever is lower) Maximum daily dose: >2 g/day: 0.05%. Performing individual excipient and drug compatibility studies is one of the recommended approaches to assess degradation pathways in Drug products. These studies should be designed as per the available literature and also known behavior for some excipients like povidone, silicon dioxide, Lactose, Polysorbate etc [24] [25] .
Oxidative and photolytic conditions require special considerations to understand the mechanism of photodegradation and the potential for phototoxicity [26] . Photostability testing should be performed as per ICH Q1B as an integral part of stress testing [18] .
Drug Product Specification [12]
Maximum daily dose: <10 mg: 1.0% or 50 µg of TDI (Total daily intake) (whichever is lower) Maximum daily dose: 10 mg -100 mg: 0.5% or 200 µg of TDI (whichever is lower) Maximum daily dose: >100 mg -2 g: 0.2% or 3 mg of TDI (whichever is lower) Maximum daily dose: >2 g: 0.15%.
High levels of impurities are acceptable with justification i.e. with literature and qualification.
Most Common Related RTR Points
• Impurities Specifications and table formats not as per guidelines to justify regulatory threshold.
Common Deficiency Points
• Method validation/Verifications not performed.
• In-house Method equivalency with monograph listed method.
• Mass balance for individual impurity methods is not demonstrated or not matching.
• System suitability not established for a validated method.
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• Specifications/Methods not as per Monograph.
• Specifications and justification for all potential impurities and unknown impurities in drug based on MDD.
• Missing Impurity characterization data.
• Tightening the limits as per trend.
Chiral Impurities
Enantiomers, non-superimposable mirror image stereoisomers with identical physico-chemical properties except that they rotate the plane of polarized light in opposite directions and by equal amounts [27] .
If one of the enantiomer is considered as active ingredient, then the other may/shall be considered as impurity/undesired.
In earlier days, there was not much focus on individual enantiomers and were not well studied or characterized due to limitation of analytical techniques. Current advanced techniques allow to define, study completely, separate and quantify stereoisomeric impurities [28] .
If applicable, stereoisomeric purity of starting material should be studied with a well resolved and validated stereoselective test procedure and possible formation of stereogenic center in individual synthetic process details and controls should be established [29] .
For a drug substance stability indicating method, it is required to perform forced degradation studies for chiral impurity methods and confirm its formation. If the chiral impurity increases in stability studies, then it should be monitored in drug product.
Analytical Techniques
Advanced analytical techniques used in chiral separation are Gas Chromatography (GC), High Performance Liquid Chromatography (HPLC), UHPLC [30] , Capillary Electrophoresis (CE) and liquid phase Nuclear Magnetic Resonance Spectroscopy (NMR). Recent trend of emergence of Polysaccharide derived chiral stationary phases (CSPs) have been recognized as the most powerful packing materials for the chromatographic separation of enantiomers in analytical and preparative applications due to their broad application field and their remarkable loading capacity [31] - [40] , a wide variety of solvents both polar and non-polar can be used to achieve desirable separations.
Scientists were able to achieve satisfactory resolution [>1.5] and system suitability criterion theoretical [>5000] and tailing factor is between 0.8 and 2.0 in the analysis of bicalutamide and thalidomide enantiomers using variety of solvents The system suitability criterion and the quantification for Bicalutamide and
R. Pannala
Thalidomide enantiomers is comfortably achieved across all the four mobile phase compositions which is presented in Figure 4. 
Drug Substance Specification
Maximum daily dose: ≤2 g/day: 0.15% or 1.0 mg per day (whichever is lower).
In most of the cases chiral impurities are controlled in drug substance but in some cases control of chiral impurities and confirmation of unacceptable change in stereochemical purity or ratio of the active substance occurs in drug product shelf life should be established with a validated analytical method [42] .
Drug Product Specification
In general, not included in specification, but in some cases evaluation may be required.
Most Common Related RTR Points
• Limits/Controlling for chiral impurities not established.
Common Deficiency Points
• System suitability not established for methods.
• Standards used which are with less potency.
• Optical purity not established.
• Method/formulation processes not understood properly to verify formation of other possible chiral form which may arise from reagents and chemicals used in the process.
• Specifications for stereo isomers/geometric isomers wherever possible.
• Chiral assay test based on the amount of chiral impurity to demonstrate racemization on storage.
• Establish LOD, LOQ limits with a validated method for all specified impurities. 
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Inorganic Impurities
Inorganic impurities can result from the manufacturing process. They are normally known and identified and include Reagents, Ligands, and Catalysts, Heavy metals or Other residual materials, Inorganic salts, Other materials (e.g. filter aids, charcoal) [1]. Heavy metals test by color comparison is a part of USP from 1904, due to numerous events on health of patient population the controls on metallic impurities is effective and in full control from Jan. 1 st 2018 across all the major regulatory authorities.
Elemental Impurities
Based on decades of studies, knowledge of toxicological effects and to improve safety and efficacy of drugs, current requirements changed and replaced nonspecific heavy metal tests with specific quantifying techniques [43] and specifica- 
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Process catalysts and environmental contaminants may be present in drug substances, excipients, or drug products. These impurities may occur naturally, be added intentionally, or be introduced inadvertently. As elemental impurities do not provide any therapeutic benefit to the patient, besides continuous exposure might be toxic (as the toxicity is related to its extend of exposure), so their toxic levels in the drug product should be controlled within acceptable limits [46] . consistently less than 30% of the PDE then additional controls are not required).
Risk Assessment
As per FDA guidance, Elemental impurity risk assessment for ANDA's filed and approved before Jan 1 st 2018 should be updated in annual updates, if any process changes are needed to be made to meet the Elemental impurities requirements they should follow appropriate regulatory filing strategy and for ANDA's to be filed, it is a requirement to be considered for filing [46] . An overview of elemental impurities as per ICH Q3D to consider for risk assessment, presented below Figure 6 .
Specifications
ICH Q3 D classifies metallic impurities into Class 1, 2A, 2B and 3 with decreasing level of toxicity.
The specifications and class of impurities to be controlled varies on route of administration.
Analysis Techniques
In general, typical analytical techniques followed for elemental impurities analysis 
Most Common Related RTR Points
• It is an emerging topic.
Common Deficiency Points
• Quality risk assessment complete documentation not provided.
• Complete assessment report and related documents for ANDA's filed before Jan 1 st 2018.
• Excipient batch analysis data.
• Consistency between batches which contains excipients like Sodium bicarbonate, Calcium carbonate.
• More batch data is required when natural source excipients like sodium carbonate and sodium bicarbonate are used.
Residual Solvents
Residual solvents are organic liquids used as vehicles for the preparation of solutions or suspensions in the synthesis of a drug substance or excipients or in the preparation of drug product.
The residual solvents used in each stage of manufacturing process of Drug substance or excipient can either be analyzed and exhibited that they meet the ICH Q3C [48] , USP <467> requirements [49] or they can be analyzed in final R. Pannala stage, in either cases they should be analyzed with validated method or method specified in USP <467> [49] .
The residual solvents with known limits and toxicity details with respect to their class were listed in ICH Q3C, their specifications in final product should be maintained to the possible lowest extent. (The acceptance limits should be based on ICH Q3C, USP <467>). If non listed solvents are used they should be controlled as per respective solvent toxicological limit.
In recent revision of ICH Q3C Triethylamine is added as Class-3 solvent with PDE limit (62.5 mg/Day) and limit for Methyl isobutylketone is revised (Class-2) PDE limit (45 mg/day) as per the new toxicological data.
Analytical Techniques
Usually GC and GC-HS methods are employed and in some cases HPLC, IC and other techniques are employed. If residual solvent method is specified in a monograph, the same can be followed or method specified in USP <467> can be used. USP <467> does not specify a method for class-3 solvents but FDA cites to control and report class 3 solvents also with a validated method. Usually residual solvents analysis is done by gas chromatography technique, but some of the class-3 solvents like Acetic acid, triethylamine, formic acid etc might not be ac- 
Drug Substance Specifications
As per ICH Q3C classification.
Drug Product Specification
As the residual solvents limits were set as per the guidelines and quantified in individual excipient and drug substance, testing for solvents in drug product is not required. Compliance may be demonstrated through comprehensive risk assessment based on quantified results of residual solvents present in individual drug substance and excipients [51] .
If residual solvents are used in the manufacturing process of drug product, they should be quantified with validated analytical methods with ICH Q3C limits.
If a non-listed solvent is used in the process, then justification for limits proposed, control strategy and toxicity evaluation should be presented/executed.
Most Common Related RTR Points/DMF Initial Review Points
• Specification not included for Residual solvents used in drug product formulation.
• Improper justification for residual solvents with limits not as per ICH Q3C, USP <467> and their effect on human drug quality.
Common Deficiency Points
• All residual solvents not included in specification.
• Drug substance residual solvents specification in line with ICH Q3C, USP <467> and DMF.
• Excipient residual solvents not considered for assessment/ specification.
• Excipient residual solvents methods not validated/ verified.
• Tighten the solvents limits based on trend data.
• Establish LOQ, LOD limits for all residual solvents and LOQ limits should be at least 50% of specification.
• Unidentified peaks in samples which are to be analyzed with validated method.
Polymorphic Forms/Impurities
Polymorphism evaluation shall be used for estimation of amorphous and crystalline of qualitative and quantitative as per USP <941>, ICH Q6A and FDA guidance "ANDAs: Pharmaceutical Solid Polymorphism" [52] [53] .
As the physical properties of a raw material may change with polymorphic form, affect on manufacture process of the drug substance and the drug product, as well as on drug product stability, dissolution, and bioavailability, the type and extent of characterization and release testing performed on the co-crystal should be sufficient to ensure the identity, strength, quality, and purity of the API(s) and drug product stability [54] [55] [56] . Any polymorphic form other than desired polymorphic form will be considered as impurity [57] .
Based on the process and evaluation done by drug substance manufacturer polymorphic form will be confirmed.
In drug product, drug substance polymorphic form should not change due to drug product manufacturing process or due to excipients or due to storage over a period of time. Drug product initial samples and stability samples should be evaluated to prove the polymorphic form stability throughout the shelf life [53] .
Information on different polymorphs of drug substances is generally referred in respective patents.
Analytical Techniques
Common analytical technique used is polymorphism by p X-ray diffraction.
Method adopted should be specific to desired crystalline form of the compound based on drug substance manufacturing process. Method should be validated as per USP <1225> [23] .
In some cases XRD pattern of different polymorphic forms might be similar, then other techniques like Thermal analysis (DSC) or Raman spectroscopy should be used.
Omeprazole form A and form B can be identified by different techniques (e.g.:
XRPD, FTIR and Raman spectrometer) among them Raman spectrometer technique is more specific as it can also identify amorphous forms along with crys- 138.61˚C is Form IX) [59] .
Very few monographs in USP have the specification for identification by polymorphism (e.g.: Colloidal Activated Attapulgite, Indomethacin).
Common Deficiency Points/Information Requests for
• Include test for polymorphism in specification.
• Polymorphic stability of the molecule in drug substance and drug product to be demonstrated.
• Demonstrate polymorphic stability throughout the drug substance and drug product stability.
• Evaluate polymorphic stability effect on dissolution / drug product blending and/or unit operations.
• Demonstrate possibility of existence of other forms in drug substance.
• Validation of analytical technique used for polymorphic study.
Genotoxic Impurities (Mutagenic and Carcinogenic Potential)
Genotoxic impurities are DNA reactive substances that have a potential to directly cause DNA damage when present at low levels leading to mutations and Figure 9 . Omeprazole Form-B polymorphism by Raman spectroscopy. risk. Exposure to a mutagenic impurity in these cases would not significantly add to the cancer risk of the drug substance. Therefore, impurities could be controlled at acceptable levels for non-mutagenic impurities [63] .
Impurities below the identification limit with structural alerts (e.g. N-nitroso-, and alkyl-azoxy compounds), and potential impurities should be considered for genotoxic/mutagenic evaluation [64] . This risk-based assessment of individual synthetic process should be performed by considering starting material/reagents used in the process and intermediate/byproducts formed during the synthesis process [63] . Suitability of the proposed control strategy can be supported with information about any mutagenic impurities formed or purged in the manufacturing steps between the proposed starting material and the drug substance, or that are controlled in the specification of the proposed starting material [64] .
Analytical Techniques
LCMS, GC MS are normally used for genotoxic impurity detection and quantification to achieve desired limit of quantification. HPLC, UPLC and GC methods may be used in some cases.
Threshold of Toxicological Concern (TTC)
Threshold of Toxicological Concern (TTC) concept was developed to define an acceptable intake for any unstudied chemical that poses a negligible risk of carcinogenicity or other toxic effects. The methods upon which the TTC is based are generally considered to be very conservative since they involve a simple linear extrapolation from the dose giving a 50% tumor incidence (TD50) to 1 in 10 6 incidence cases, using TD50 data for the most sensitive species and most sensitive site of tumor induction [60] .
The concentration limits in ppm of genotoxic impurity in drug substance derived from the threshold of toxicological concern (TTC) can be calculated based on the expected daily dose to the patient using equation [60] [65].
Concentration limit (ppm) = TTC [μg/day]/dose (g/day)
An overview of the genotoxic impurities guidance is presented in Figure 10 .
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ICH guidance M7 classifies possible genotoxic impurities into 5 classes, which is presented in Table 3 below.
Standard risk assessments of known carcinogens assume that cancer risk increases as a function of cumulative dose. Thus, cancer risk of a continuous low dose over a lifetime would be equivalent to the cancer risk associated with an identical cumulative exposure averaged over a shorter duration.
ICH M7 defines limits for single impurity and for total of two or more impurities as per duration of treatment as per below Figure 11 limits [60] . Figure 10 . An overview of genotoxic impurities. Pharmacopeia's are embracing this concept slowly however regulatory authorities are watchful and issuing deficiency to control the impurities. Bromochloropropionphenone impurity in Bupropion Hydrochloride, USP specifies this impurity at NMT 0.1% but as per literature impurity should be controlled at 4 ppm, FDA has cited this as a deficiency for the filers.
Specifications
As per ICH M7 and S9 or respective impurity toxicological limits.
Common Deficiency Points
• Possible limits not demonstrated: Genotoxicology study of a compound not demonstrated.
• USP limits not adequate as compound has structural alerts.
• Study or cut off for all possible structural alerts not demonstrated.
• Limits should be tightened as per toxicological limits.
• One-time study not adequate for genotoxic impurity and to be included in specification.
• Spike & purge studies data to be presented for control option selected.
